Abstract-Alpha-cypermethrin, a synthetic pyrethroid, is used as an insecticide in agricultural settings and is increasingly replacing organophosphates and carbamates because of lower application rates and lower toxicity to mammals. Because very little is known about the acute and chronic toxicity of this compound for soil-living organisms, the present study investigated acute and sublethal toxicity of alpha-cypermethrin for four terrestrial invertebrate species in an agricultural soil from Norway. Bioassays with the earthworm Eisenia fetida, the potworm Enchytraeus crypticus, the springtail Folsomia candida, and the land snail Helix aspersa were performed according to slightly modified versions of Organization for Economic Cooperation and Development (Paris, France) or International Organization for Standardization (Geneva, Switzerland) guidelines and resulted in median lethal concentrations of greater than Ͼ1,000 to 31.4 mg/kg and sublethal no-observed-effect concentrations of 2.51 to 82 mg/kg. A high acute to chronic ratio was found, especially in the earthworms. Interspecies differences in sensitivity may be explained by differences in exposure and differences in metabolization rate. When based on measured pore-water concentrations, terrestrial species overall appear to be approximately one order of magnitude less sensitive than aquatic species. Effect assessments conducted according to European guideline for risk assessment of pesticides reveal that assessments based on acute toxicity tests are not always conservative enough to determine environmentally safe concentrations in soil. Mandatory incorporation of sublethal toxicity data will ensure that in regions with temperate climate, the effects of pesticides on populations of soil-living organisms are unlikely.
INTRODUCTION
Pyrethroids are a group of plant-protection products that are widely used as insecticides in agricultural settings, gardens, and industrial areas. Furthermore, they are used to treat ectoparastic diseases (e.g., lice) in sheep, cats, dogs, and other animals. They are structurally similar to pyrethrins, a class of compounds that are found in chrysanthemum plants, where they work as natural insecticides [1] .
During the past 25 years, pyrethroids have become one of the dominant classes of insecticides in agriculture because of low toxicity to mammals [2] [3] [4] , lack of phytotoxicity (http:// www.inchem.org/documents/pds/pds/pest58_e.htm), and reduced application rates [2] . Because of these properties, organophosphates and carbamates are increasingly being replaced by pyrethroids in arable crops and forestry throughout Europe and North America [5] [6] [7] .
Alpha-cypermethrin, which comprises the alpha C isomers of cypermethrin, is considered to be two-to threefold more toxic than cypermethrin. According to the analysis of Solomon et al. [5] , it can be ranked as one of the most effective pyrethroids.
Like all other pyrethroids, alpha-cypermethrin exerts an extremely high aquatic toxicity, which might be the biggest obstacle to use in agriculture [5] [6] [7] . For alpha-cypermethrin, a median lethal concentration (LC50) of 0.3 and 2.8 g/L was determined for Daphnia magna and rainbow trout, respectively [8] . Concentrations in water are expected to be rather low, however, because these compounds are only slightly water soluble, strongly sorb to suspended material and particles, and thereby, remain unavailable to many aquatic organisms [9] .
Whereas aquatic organisms are exposed to pesticides accidentally by spray drift or runoff from agricultural sites, exposure of nontarget organisms in soil is unavoidable. Nevertheless, to our knowledge, no information regarding chronic toxicity of alpha-cypermethrin to terrestrial organisms is available. This is remarkable, because soil-living organisms maintain important soil functions, such as litter degradation, soil aeration, and water infiltration. In addition, many terrestrial species ingest soil and, thereby, might take up strongly sorbed compounds that remain unavailable to other species.
Data regarding acute toxicity of alpha-cypermethrin are not sufficient to estimate effects on the population level. At minimum, data regarding chronic toxicity, such as inhibition of reproduction, are necessary. Extrapolation of acute toxicity data to chronic toxicity usually is uncertain for specifically acting compounds like alpha-cypermethrin, as Vaal et al. [10] have shown.
The present study aims to generate both acute and chronic toxicity data for alpha-cypermethrin on terrestrial species. Differences in toxicity between the terrestrial species, but also between terrestrial and aquatic species, are discussed. Additionally, consequences for the risk assessment of alpha-cypermethrin according to the authorization procedure of pesticides are outlined. 
MATERIALS AND METHODS

Chemicals
Technical alpha-cypermethrin (technical grade; purity, 97.6%) was kindly provided by Inter-Trade Denmark (Bindslev, Denmark). Acetone (purissimum) was purchased from VWR Norway (Oslo, Norway). The toxicity tests were performed with technical alpha-cypermethrin and not the formulated product, because European risk assessment always requires toxicity tests with soil arthropods for the active ingredient but only partly for the formulated product.
Soil characterization
An agricultural soil from Norderås (Å s, Norway) was used in all four bioassays. The soil was dried at 30 to 40ЊC and then sieved through a 2-mm mesh. The soil properties are listed in Table 1 . These properties were analyzed by the accredited laboratory of Bioforsk (Å s, Norway) except for the waterholding capacity, which was analyzed according to the procedure described by the Organization for Economic Cooperation and Development (OECD) [11] . The chosen soil is a typical agricultural soil for Norway; the organic carbon content is identical to the median of 1,400 agricultural soils (A-and B-horizons) collected throughout Norway (database from the Norwegian monitoring program on soil, Skog og Landskap, Å s, Norway).
Bioassays
Experimental design. Acute and subacute toxicity tests were conducted with the earthworm Eisenia fetida, the springtail Folsomia candida, the potworm Enchytraeus crypticus, and the land snail Helix aspersa. Tests were conducted in test soil spiked with alpha-cypermethrin. All tests were performed according to standardized OECD or International Organization for Standardization (ISO) guidelines except that natural soil was used instead of artificial OECD soil.
Spiking and preparation of test soil. The dried and sieved soil was spiked with alpha-cypermethrin dissolved in acetone. For each bioassay, between five and six concentration levels, ranging from 0.9 to 2,000 mg/kg of alpha-cypermethrin, were employed. All concentrations are related to soil dry weight. For the assay with F. candida and E. crypticus, nominal soil concentrations of 0.9, 3, 9, 30, 90, and 300 mg/kg were used. For the assay with E. fetida, soil concentrations of 7.5, 30, 100, 300, and 1,000 mg/kg were used. For the assay with H. aspersa, concentrations of 9.0, 100, 300, 1,000, and 2,000 mg/ kg were used. For all test soils, the chemical was mixed thoroughly into the entire batch of soil and placed under a fume hood for evaporation of acetone. After 24 h, deionized water was added to the soil to obtain 60% of the water-holding capacity, and the soil was then thoroughly mixed again. Controls were prepared with unspiked soils.
Reproduction test with E. fetida. Earthworm reproduction was measured with the compost worm E. fetida in accordance with a modified version of OECD guideline 222 [11] . Unlike the guideline, cocoon production after 28 d was used as an end point for the test. In addition, mortality was determined after 28 d.
Earthworms were reared in a laboratory culture on a mixture of sphagnum peat, potting soil, and chopped vegetables at 20 Ϯ 2ЊC and a 16:8-h light:dark photoperiod. For the tests, adult E. fetida aged 24 to 30 weeks with a well-developed clitellum were used.
Earthworms were washed with tap water and placed on filter paper for 24 h to empty their gut of ingested soil. Afterward, groups of 10 worms were weighed and added to the soil containers in a randomized manner. Earthworms weighed 372 Ϯ 28 mg (average Ϯ standard deviation) at the start of the test. Three replicates of 600 g of spiked soil per concentration level were used, and for the controls, six replicates were prepared. After 1 d of exposure, 15 g of finely ground, moistened horse manure were added. The test containers were incubated for 28 d at 20 Ϯ 2ЊC with a 16:8-h light:dark photoperiod. Every week, lost water and food were replenished. At the end of the test, living earthworms were gently extracted from the soil by hand sorting and then transferred to a Petri dish with wet filter paper on which to depurate for 24 h before being weighed. An aliquot of the soil was taken for chemical analysis and was examined for the presence of cocoons. The remaining soil was wet sieved with a 2-mm mesh and then with a 1-mm mesh, and the cocoons were counted on the mesh.
According to the OECD guidelines [11] , the test was considered to be valid if adult mortality was less than 10% and if at least 25 cocoons were produced in the controls at the end of the test. In addition, the test was considered to be valid if the coefficient of variation was less than 30% for the cocoon production.
Reproduction test with E. crypticus. This test was performed according to OECD guideline 220 with E. crypticus as test organism in the natural test soil [12] . Mortality was measured as the number of surviving adults; fecundity was measured as the number of living juveniles at the end of the test.
Enchytraeus crypticus lives in organic-rich soil and has a short generation cycle in comparison to the bigger and more widely used Enchytraeus albidus. Enchytraeus crypticus was cultured in Petri dishes containing a 0.5-cm layer of bacto agar (Sigma, St. Louis, MO, USA) that was kept in a moistened state. Worms were cultured at 20 Ϯ 2ЊC with a 16:8-h light: dark photoperiod and were fed dried oat flakes.
The test was conducted in triplicate using 30 g of soil in 100-ml plastic containers with a perforated lid, resulting in a soil depth of nearly 1.5 cm and a surface area of 15 cm 2 . Controls consisted of six replicates. Animals from the stock culture were transferred to a Petri dish filled with tap water, and 10 adult worms that had visible eggs (white spots) in the clitellum region and were approximately the same size were chosen and passed over to each of the test containers. Animals were fed once a week with approximately 50 mg of rolled oats that were boiled, dried, and crushed before use to avoid inflated growth of fungi. The test containers were incubated at 20 Ϯ 2ЊC with a 16:8-h light:dark photoperiod. After 28 d, adult and juvenile organisms were extracted with water by first dividing the sample into two subsamples, then adding 60 ml of deionized water to each subsample and vigorously shaking each for 5 s. After 18 h, adult and juvenile worms could be found lying on the surface of the soil and were transferred to a Petri dish with a pipette. In the Petri dish, they were counted under a stereomicroscope.
The test was considered to be valid if less than 20% of the adult organisms died during the test period, at least 25 juveniles were produced per control replicate, and the coefficient of variation was less than 50% for the mean number of juveniles in the controls.
Reproduction test with F. candida. The springtail reproduction test was performed using a modified version of ISO standard 11267 [13] with the springtail F. candida as test organism. Folsomia candida reproduces parthenogenetically and has been shown to tolerate a wide range of soil substrates. Compared to the sexually reproducing species Folsomia fimetaria, which is commonly found in arable and grassland habitats, F. candida is equally sensitive to xenobiotic substances [14] [15] [16] .
Folsomia candida was mass-bred in Petri dishes on a 0.5-cm layer of moistened charcoal/plaster of Paris substrate at 20 Ϯ 2ЊC with a 16:8-h light:dark photoperiod. The animals were fed baker's yeast.
The test was conducted with six replicates for the controls and with four replicates for each concentration level. Polyethylene containers with a volume of 100 ml were filled with 30 g of soil. Animals aged 10 to 12 d were used for testing and were collected from a synchronous culture and examined under a stereomicroscope to discard damaged individuals. Ten nondamaged individuals were then transferred to each of the test jars. Organisms were fed 30 mg of baker's yeast that was spread on the soil surface before the jars were covered with lids. The test containers were incubated at 20 Ϯ 2ЊC with a 16:6-h light:dark photoperiod, and water loss was replenished every week. After 21 d, adults and juveniles were extracted by adding approximately 50 ml of deionized water to the test containers. The suspension was gently stirred until adult and juvenile springtails floated at the water surface. The organisms were anesthetized with ethanol and counted under a stereomicroscope. In replicates with many juveniles (n Ͼ 600), counting was facilitated by successively removing a portion of the organisms with a spoon and then counting them separately.
The test was considered to be valid if 80% of the adult springtails survived in the controls at the end of the test, at least 100 juveniles per control replicate were produced by the end of the test, and the coefficient of variation was less than 30% for the number of juveniles within the control.
Growth inhibition of juvenile H. aspera. This test was conducted according to the procedure described by the ISO [17] with the land snail H. aspersa as test organism. Juvenile H. aspersa (age, five to seven weeks; fresh mass, 0.86 Ϯ 0.46 g) were obtained from the Biological and Ecophysiological Laboratory of the Université de Franche-Comté (Besancon, France). They were reared from eggs as described by GomotDe Vaufleury [18] until three to five weeks of age and then put into aestivation (drought hibernation). The animals were stored at 10ЊC for up to eight weeks. Two weeks before the experiment started, the snails were awakened by sprinkling them with water. As a food source, Helixal snail food (Chays Frères, 25 Valdahon, France) was provided three times a week.
Spiked soil samples (250 g) were placed into transparent polystyrene containers (length, 240 mm; width, 105 mm; height, 80 mm). Three replicates were used for each concentration. Five snails aged five to seven weeks were cleaned with a wet tissue and weighed individually before being added to each test container. Approximately 2 g of Helixal snail food were added to a Petri dish placed in the test containers, and containers were then closed with a perforated lid. The test was performed at 20 Ϯ 2ЊC with a 16:8-h light:dark photoperiod. Food and water loss were replenished every week, and snail feces were removed from the container walls twice a week. After 28 d, snails were removed and their weight recorded individually.
The test was considered to be valid if average mortality of snails in the controls was less than 10% and the average increase in fresh weight was higher than 400%.
Chemical analysis
Concentrations of alpha-cypermethrin were determined at the end of the bioassays for a composite sample of the replicates (i.e., a mixture of 10 g from each replicate). Measurements in other high-and low-organic soils have shown that degradation of alpha-cypermethrin during the test is low, with values between 5 and 10% (data not shown).
Chemical analyses were conducted by extracting 1 to 13 g of soil with 20 ml of cyclohexane and 20 ml of acetone at 150 rpm on a two-dimensional shaker. As an internal standard, cispermethrin was added. After 24 h, 30 ml of deionized water were added, and the emulsion was shaken for another minute. The emulsion was centrifuged at 2,000 rpm for 5 min to obtain phase separation of the cyclohexane and the water/acetone phase. An aliquot of the cyclohexane phase was then collected for analysis on a gas chromatograph equipped with an electroncapture detector (HP 5890 Series II; Hewlett-Packard, Palo Alto, CA, USA). A 1-l extract was injected in a splitless mode and separated on a Zebron ZB-5 column (length, 30 m; inner diameter, 0.25 mm; film thickness, 0.25 m; Phenomenex, Torrance, CA, USA). The recovery of alpha-cypermethrin measured with this method was determined to be 95% Ϯ 8% using two spiked soils with concentrations of 10 and 200 mg/kg.
The aqueous concentration of alpha-cypermethrin in the pore water of the test soils was measured at the end of the experiments using nondepletive solid-phase microextraction (SPME) according to the method described by Ter Laak et al. [19] . This extraction technique is based on partitioning of a freely dissolved compound between an aqueous phase and a polydimethylsiloxane (PDMS)-coated fiber. If the partition coefficient between PDMS and water is known for a certain compound, the concentration of freely dissolved compound in the aqueous phase can be determined according to Equation 1:
where C W is the concentration of freely dissolved compound in water, A SPME is the amount of compound extracted by SPME, V SPME is the polymer volume of the SPME, and K SPME-Water is the portion coefficient between SPME and water. The log K SPME was determined to be 5.59 (data not shown).
The SPME extraction was conducted as follows: SPME fibers (length, 5 cm) coated with 30 m of PDMS were added to 7-ml vials of brown glass that contained a slurry of 2 g of soil and 2 ml of a 10 mM sodium azide solution. The vials were closed with Teflon-lined septum caps and gently shaken on a ''rock and roller'' shaker (Snijders Scientific, Tilburg, The Netherlands) at 10 rpm and 20 Ϯ 2ЊC for 14 d. This time period was sufficient to achieve equilibrium between soil, water, and the PDMS fiber as investigated in separate uptake experiments with a soil slurry (data not shown). After exposure, the fibers were removed with a pair of tweezers and cleaned with moistened tissue paper. The fibers were extracted in 200 l of cyclohexane. As an internal standard, cis-permethrin was added, and alpha-cypermethrin was analyzed using a gas chromatograph equipped with an electron-capture detector as described above.
The soil-water concentration was determined in triplicate for selected concentrations up to 100 mg/kg to avoid saturation of the aqueous phase in the experiments. The sorption coefficient (K D ) of alpha-cypermethrin was calculated as the quotient of the soil concentration and the aqueous concentration.
Data analysis
For the sublethal end points, the no-observed-effect concentration (NOEC) was determined using analysis of variance and the Dunnett test on a 5% significance level. Equality of variance was tested using the Bartlett test, and the ShapiroWilk test was used to test if the replicate values were normally distributed. These analyses were conducted with the software JMP (Ver 5.0; SAS Institute, Cary, NC, USA). The software GraphPad Prism (Ver 4.0; GraphPad Software, San Diego, CA, USA) was used to perform nonlinear regression analysis of the dose-response functions.
Before nonlinear regression, the number of juveniles or the change in body weight was related to the mean of the respective controls. For the sublethal end points, the median effective concentration (EC50) was estimated by iteration using the three-parametric sigmoidal function (Eqn. 2) with a variable slope and constant bottom of 0% and top of 100% for reproduction and growth (relative to control values):
(log EC50Ϫlog x)·Hillslope
The 10% effective concentration (EC10) was estimated using Equation 3:
For acute toxicity, the LC50 was determined. Dose-response curves were based on measured soil concentrations and estimated pore-water concentrations that were calculated by dividing the soil concentration by the average K D value.
RESULTS
Chemical analysis
Measured concentrations of alpha-cypermethrin in soil generally were similar to nominal concentrations and deviated, on average, by 12%. Concentrations lower than 30 mg/kg deviated most (6-38%) from nominal concentrations, and concentrations higher than 30 mg/kg deviated less (4-28%) ( Table 2) . Measured pore-water concentrations and sorption coefficients indicated strong sorption of the compound to the soil. Porewater concentrations ranged from 0.2 to 3.7 g/L for soil concentrations between 5 and 80 mg/kg, and K D values were approximately constant, with a value of 21,425 Ϯ 980 L/kg (mean Ϯ standard deviation) over one order of magnitude (see Table 2 ). Correcting for the organic carbon content in the soil, an organic carbon-normalized sorption coefficient (log K OC ) of 5.99 was determined.
Toxicity measurements
All tests passed the validity criteria of the test protocols. Chemical-related mortality of adult organisms was observed only in the bioassays with potworms and earthworms. For E. crypticus and E. fetida, LC50s of 31.4 and 762 mg/kg, respectively, were estimated ( Fig. 1 and Table 3 ). For springtails and snails, the LC50s were considerably higher than the highest concentrations used in the test (258 and 2,083 mg/kg highest concentrations for springtails and snails, respectively), because lethality was less than 15% in these treatments. Potworms also were the most sensitive organisms when considering effects on reproduction, followed by earthworms and springtails (Table 2 and Fig. 1 ). In comparison, the snails were rather insensitive (Table 2 and Fig. 1 ). Sublethal EC50s ranged from 4.91 mg/kg for potworms (reproduction) to 316 mg/kg for snails (growth). The EC10s and NOECs were in the range of 0.99 to 4.21 and 2.51 to 82.0 mg/kg, respectively (Table 3) . T. Hartnik et al. Acute to chronic ratios (ACR ϭ LC50 acute /NOEC) could be determined only for potworms and earthworms, because LC50s could be determined only for these organisms. The ACR showed a wide range, from 13 for potworms to 485 for earthworms (when based on EC10 instead of NOEC according to European Guidance Document on Risk Assessment of Existing Chemicals [20] ; http://ecb.ei.jrc.it/).
DISCUSSION
Chemical measurements
The small difference between nominal and measured concentrations indicates that degradation of alpha-cypermethrin during the test was low and, therefore, that the measured toxicity was caused by alpha-cypermethrin and not by the degradation products. Besides, toxicity experiments in the aquatic environment confirm that degradation products of alpha-cypermethrin are three orders of magnitude less toxic than the parent pyrethroid [21] .
The determined log K OC of 5.99 is considerably higher than that reported by the European Commission (log K OC ϭ 4.7) [22] (http://ec.europa.eu/food/plant/protection/evaluation/existactive/ listalphacypermethrin.pdf). This difference could be caused by the sorption properties of soil organic matter in the different soils or by the different methodologies used to determine the sorption coefficient. Compared to methods that use filtration, centrifugation, or other methods to separate the aqueous from the solid phase, the SPME method has the advantage that the dissolved species is easily separated from the bound species. Because of the unsatisfactory separation of the solid and aqueous phases, the concentration of freely dissolved species in the aqueous phase might be overestimated and, thereby, the K OC underestimated. For highly hydrophobic compounds with a low water solubility, this artifact affects the K OC considerably and might result in a lower K OC as reported by the European Commission [22] .
Toxicity measurements
The acute toxicity measured for earthworms is in line with investigations performed by Inglesfield [23] , who determined a 14-d LC50 of greater than 100 mg/kg and an acute (14-d) NOEC of 100 mg/kg for alpha-cypermethrin in artificial OECD soil. The estimated sublethal EC50 for springtails of 60.3 mg/ kg in the present study is almost eightfold higher than the EC50 of 8.2 mg/kg for cypermethrin that Sørensen and Holmstrup [24] determined using the same test organism and the same test end point. This difference in toxicity is most likely caused by differences in the type of cypermethrin applied. In the present study, pure alpha-cypermethrin (purity, 97.6%) was used, whereas Sørensen and Holmstrup [24] tested the formulation Cyperb, which contains 100 g/L of cypermethrin.
The Cyperb formulation contains a mixture of different cypermethrin enantiomers as well as emulsifiers and other additives that themselves might be toxic for springtails or affect bioavailability of cypermethrin in soil.
Differences in sensitivity among species
The large differences in toxicity (several orders of magnitude) in the present study may be related to differences in exposure, intrinsic activity, biotransformation, specificity of receptor sites, and/or subtle differences in the mode of toxic action for the different species tested. These are discussed below.
Differences in exposure
Exposure of soil-living organisms to alpha-cypermethrin depends on a number of parameters, such as the form in which a chemical is present in soil (e.g., sorbed to soil particles or dissolved in soil water), the ability of the chemical to pass biological membranes, the living performance of an organism, and the physiology, feeding strategy, and behavior of the organism.
It often is anticipated that soil-living organisms predominantly take up chemicals in soil that are freely dissolved [25, 26] . Alpha-cypermethrin is strongly sorbed to soil organic matter, and only a very low fraction of the compound is freely dissolved in soil pore water [9] . Particle-bound alpha-cypermethrin must be released into the aqueous phase to be taken up by the organism, either passively via the cuticle or actively via the gut. Rates of uptake via skin and gut tissues are different, however, and depend on the hydrophobicity of the compounds [26] . For organisms that ingest soil, active uptake via the gut is the dominant exposure route for hydrophobic compounds with a log K OW of greater than six (like alpha-cypermethrin), because uptake rates for the gut are much higher than uptake rates for the skin [26] . The close contact between soil particles and the gut wall as well as the presence of surfactants in the gut facilitate uptake of alpha-cypermethrin in soil-ingesting organisms. Organisms like springtails and snails are only partly in contact with soil particles and soil water. Springtails, for example, breathe soil air, live in air-filled pores, and therefore, are in much less intense contact with soil and soil water [27] .
Snails were only exposed to alpha-cypermethrin through dermal uptake, because they were fed uncontaminated food and only ingested negligible amounts of soil. In the present tests, snails usually were found stuck to the container walls and came into contact with contaminated soil only when feeding. Thus, the observed effect on growth probably results from a lower feeding activity caused by avoiding the contaminated soil. The less intense contact with soil and soil water might result in lower accumulation of alpha-cypermethrin in springtails and snails, and it can explain the lower toxicity compared to that of soil-ingesting organisms like earthworms and potworms. Differences in membrane permeability for alpha-cypermethrin also might explain the different toxicity between soft-bodied organisms, such as earthworms and potworms, and semisoftbodied organisms, such as springtails. For metals, it has been shown that uptake from the soil pore water is facilitated for soft-bodied organisms and that the hard exoskeleton of springtails hampers uptake of metals via the soil solution [28] .
An explanation for the higher toxicity for potworms than for earthworms might be the approximately 10-fold larger surface to volume ratio of potworms. The area for uptake through the skin and the gut wall is larger for potworms, if corrected for the body mass, than it is for earthworms; therefore, compounds diffuse more quickly into small animals with a large surface to volume ratio than they do into large animals. If the biotransformation rates for potworms and earthworms are assumed to be approximately the same, one would expect higher internal concentrations of alpha-cypermethrin in potworms than in earthworms and, consequently, higher toxicity for the latter.
Differences in biotransformation
Another explanation for the variability in sensitivity between the selected organisms is differences in the detoxification system. Soil-living organisms have a well-established enzyme system that detoxifies organic and inorganic compounds taken up by the organism [29] .
According to Haya [21] , the difference in the rates of biotransformation is the most important factor influencing the toxicity of pyrethroids. The initial step in biotransformation of alpha-cypermethrin typically is cleavage of the ester bond by hydrolases or esterases before the compound is further metabolized by oxidation and conjugation. According to Sogorb and Vilanova [30] , pyrethroids are metabolized predominantly by carboxylesterases, whereas oxidases are merely responsible for further degradation of alpha-cypermethrin metabolites. Glutathione-S-transferases are not involved in direct detoxification of pyrethroids. Although the activities of detoxification enzymes in some terrestrial species have beem established [31] [32] [33] , little is known about the activity of enzymes contributing to the biotransformation of pyrethroids in soil invertebrates.
Acute to chronic ratios showed a very wide range, from 13 for potworms to 485 for earthworms (based on EC10 instead of NOEC European Guidance Document on Risk Assessment of Existing Chemicals [20] ; http://ecb.ei.jrc.it/). Whereas the ACR for potworms is in good agreement with the extrapolation factors that are expected in risk assessment of pesticides [34] (http:// ec.europa.eu/food/plant/protection/resources/publicationsen. htm)-namely, a factor of 10-the ratio for earthworms is 20-fold higher. Such a large difference is not uncommon for specifically acting substances like pesticides, and it reflects the different physiological responses for acute and chronic toxicity [35, 36] . The large ACR indicates that alpha-cypermethrin has different modes of actions. At fairly low concentrations, the compound has a specific effect on reproduction, whereas the vital functions that ensure survival are first affected at much higher concentrations. An ACR of more than 400 is fairly high, however, even for pesticides. Länge et al. [37] identified the 90th percentile of ACRs at 84 for aquatic organisms and 95 for aquatic invertebrates. In the terrestrial environment, ACRs vary considerably between species. Sverdrup et al. [38] found high ACRs for polycyclic aromatic hydrocarbons, especially for potworms (ACR, Ͼ100) but also for springtails and earthworms, in which single compounds like acridine and carbazol reached ACRs of more than 80. High-ACR factors in the terrestrial environment seem to be present especially for compounds that can be effectively metabolized by organisms. Detoxification systems often are induced in the presence of toxic compounds, and lethal body residues are first reached at high concentrations in soil. The large differences between acute and chronic toxicity have considerable impact on the effect assessment of pesticides [34, 39] (http://eur-lex.europa.eu/), as outlined below.
Comparison of terrestrial and aquatic toxicity of alpha-cypermethrin
Alpha-cypermethrin is extremely toxic to aquatic organisms. A comparison of aquatic versus terrestrial toxicity data is difficult, however, not only because of different species being present in the two compartments but also because of the higher bioavailability of alpha-cypermethrin in water compared to soil. If, however, it is assumed that terrestrial organisms predominantly take up chemicals via the aqueous phase and that toxicity is closely related to the residues in an organism, a toxic response can be related to the pore-water concentration instead of to the total concentration in soil. According to investigations performed by Leslie et al. [40] , van der Wal et al. [41] , and Jager et al. [26] , this assumption appears to be reasonable. Table 4 shows the toxicity for aquatic and terrestrial organisms expressed on a pore-water concentration basis. Unfortunately, little information has been published regarding chronic aquatic toxicity, which makes the comparison of aquatic and terrestrial species belonging to the same taxa impossible. The results show that toxicity for aquatic organisms, on average, is one order of magnitude higher than for the terrestrial organisms tested [26, 40, 41] .
It was hypothesized by Van Straalen [29] and by De Knecht et al. [42] that the toxicity of organic contaminants is reduced for terrestrial organisms compared to aquatic organisms because of a higher activity of detoxification enzymes (e.g., cytochrome P450 oxygenases and gluthathione-S-transferase). Siegfried and Young [43] , however, investigated the activity of detoxification enzymes in terrestrial and aquatic insects exposed to pyrethroids, and they concluded that enzyme activity varied considerably between taxa but that no significant dif- ference existed between aquatic and terrestrial insects. According to those authors, enhanced biotransformation rates might reduce toxicity in certain taxa, but no clear differences existed between aquatic and terrestrial organisms that could explain the much higher toxicity for aquatic organisms. An alternative explanation for the higher aquatic toxicity is suggested by Siegfried [44] , who concluded that pyrethroids may secondarily induce an osmotic imbalance in aquatic organisms that contributes to their toxicity. For terrestrial organisms, however, it is expected that the mode of action is related solely to disruption of the axonal transmission of nerve impulses, which is thought to result in a lower toxicity compared to that for aquatic organisms.
Implications for risk assessment of pesticides
The evaluation of the possible environmental impact of pesticide applications usually is based on toxicity to exposure (TER) values [39] . These values are quotients that combine exposure and effects to characterize risk. According to Annex 6 of the Directive 91/414/EEC of the European Commission [39] , the exposure concentration of an active substance must be at least 10-fold lower than the LC50 for earthworms (critical TER acute ϭ 10) or fivefold lower than the chronic NOEC for earthworms (critical TER chronic ϭ 5) to pose a negligible risk to soil fauna. For substances with a short degradation time and low number of applications per year, the acute TER criterion is used, whereas for persistent substances with a higher number of applications per year, the chronic TER criterion is used.
Based on the LC50 of 762 mg/kg found for earthworms in the present study, an exposure concentration of less than 76 mg/kg of alpha-cypermethrin complies with the TER acute criterion. This means that exposure concentrations of up to 76 mg/kg pose a negligible risk to soil organisms if the risk assessment is based on acute toxicity data. On the other hand, using the EC10 of 1.57 mg/kg (no NOEC value was available), the exposure concentration must not exceed 0.31 mg/kg to meet the TER chronic criterion of five. Thus, the acute TER criterion gives maximum permissible exposure concentrations that are almost 250-fold higher than the chronic criterion for alpha-cypermethrin. This divergence reflects the high ACR for earthworms. In the risk assessment of alpha-cypermethrin carried out by the European Union in 2004 [22] , chronic toxicity data for earthworms were not employed. With a 90% degradation time of 166 d at 20ЊC and two applications per year, only data regarding acute earthworm toxicity were required according to the registration guidelines [34] . An acute TER of 1,500 was determined for alpha-cypermethrin, and the risk assessment report stated that ''due to the very high margin of safety observed with the acute TER, further testing of metabolites and/or sublethal effects is not required'' [22] .
Looking at the estimated threshold concentrations of the present study, it may be questioned if acute toxicity data are adequate to assess the risk of alpha-cypermethrin for soilliving organisms. Furthermore, it should be noted that the 90% degradation time of alpha-cypermethrin is considerably longer than 166 d in regions with a colder climate (e.g., northern Europe; unpublished results from Bioforsk laboratory degradation studies at 5ЊC indicate 35% degradation during one year). Because the reproduction season of earthworms and other terrestrial species is shorter in these regions and falls in the same time period during which alpha-cypermethrin is applied on agricultural sites, populations of terrestrial organisms might be at risk from much lower exposure concentrations than are assessed as being safe according to the acute TER criterion.
If the EC10 of 1.57 mg/kg is taken as being a suitable estimate of a negligible effect concentration (NOEC could not be properly estimated) (Table 2) , the chronic TER would be 12 if an application rate of 50 g substance/ha two times a year is assumed. This TER is above the trigger value of five; thus, the environmental risk is still to be considered as negligible. It may be disputable, however, whether a safety margin of 12 is sufficient to cover, for example, intra-and interspecies variation (the compost worm E. fetida is one of the less sensitive earthworm species [45] ) and the fact that alpha-cypermethrin often is applied together with other pesticides.
In summary, the initial use of acute toxicity data clearly demonstrates a negligible risk for effects of alpha-cypermethrin on nontarget soil organisms when used as a pesticide, which is not fully supported by the use of sublethal effect data. It therefore is recommended to generally use chronic toxicity data for assessing the risk of specifically acting substances like pyrethroids.
CONCLUSION
Bioassays with four invertebrate species in soil showed that despite a low acute toxicity, alpha-cypermethrin has a profound chronic toxicity toward soil-living organisms, with E. crypticus being the most sensitive organism. Interspecies differences in sublethal sensitivity probably are caused by differences in uptake mechanisms and biotransformation. Differences in toxicity between aquatic and terrestrial species reveal that extrapolation from aquatic to terrestrial toxicity, as presented in the European guidance document on risk assessment of chemicals [20] , should be avoided for specifically acting chemicals. The high ACR observed in the present study indicates that alpha-cypermethrin exerts a specific mode of action that affects reproduction, but not survival, of soil-living organisms, and the results emphasize the need to consider chronic effects when assessing the environmental risk of substances with insecticidal properties.
In our opinion, the European Union approach for the risk assessment of pesticides is not always conservative enough to predict long-term effects on populations, because chronic effects only need to be considered if the active substance is thought to be persistent in soils under standard conditions. Risk assessments, however, should take into consideration that degradation under temperate climatic conditions is slowed and that exposure to pesticides may last over the whole reproduction period of terrestrial organisms in these regions. In our opinion, mandatory incorporation of sublethal toxicity data in the risk assessment of pesticides will improve conclusions, especially for substances with a specific mode of toxic action and a relatively long half-life in soils.
